The method of extended crossing beams has been used to study electron-impact excitation of the dysprosium atom energy levels that belong to the 4f 10 6s7s configuration. Ninety-one excitation cross sections have been measured at incident electron energy of 30 eV. Cross-section measured are within the range of 10 -18 to 10 -19 cm 2 in most cases. Spontaneous emission rises as a result of both allowed and forbidden transitions from the excited levels covered in the study.
Introduction
Spectra of rapidly oscillating chemically peculiar stars (roAp stars) are often dominated by spectral lines belonging to rare-earth (RE) elements [8] . The abundance of individual RE elements, including dysprosium, in some roAp stars may exceed their abundance in the solar atmosphere by two orders of magnitude (the examples being HD 122970, HD 24712 stars [4] ). In the case of the HD 101065 star, the first of roAp stars discovered by A. Przybylski in 1961 [12] , this difference reaches three orders of magnitude. roAp stars remain a subject of intense ongoing studies.
Furthermore, successful laser generation was reported in 2002 [5] using two dysprosium atom transitions in the near-IR part of the spectrum. A major problem faced by designers of RE vapor lasers (except for Yb, Eu, Tm, Sm) is the need for adequate high-temperature gas-discharge tube designs as vapors of these elements only reach the characteristic vapor-laser pressure of ~1 Torr at temperatures nearing T = 2000 K. Staunch cells operational at temperatures up to T = 2070 K were used in [5] , enabling successful laser generation at λ = 1032.81 nm with holmium atom vapor in 1999 [6] . In the case of dysprosium atom, laser generation was obtained with λ = 849.0 ± 0.1 nm and 917.2 ± 0.1 nm lines at T = 1470-1670 K. Spectral properties of the dysprosium atom provided in [6] only allowed to identify the transition for the former line. As the entire wealth of data on DyI energy levels (on the middle of 2017) proved helpless for identifying the transition responsible for the longer-wavelength line, there are arguably significant gaps in the interpretation of the dysprosium optical spectrum.
The most exhaustive treatment of dysprosium atom and singly-charged ion spectra was provided in the report [13] covering 22000 DyI and DyII spectral lines in the wavelength range λ = 230-1140 nm. The same report provides some tentative analysis of DyI and DyII energy levels. Nevertheless, the most detailed data on DyI and DyII spectra presented in publicly available journals [7] is limited to 4584 dysprosium lines and their temperature classification. DyI and DyII energy level systems obtained in the report [13] were reproduced fully in the journal article [3] where energies and internal quantum number J values are stated for 141 even and 197 odd DyI levels as well as 14 even and 214 odd DyII levels. These values were used in [3] to classify 1952 spectral lines of the dysprosium atom and 1000 spectral lines of the singly-charged dysprosium ion.
J.-F. Wyart's work, starting with his doctoral thesis [18] , contributed significantly to the understanding of the dysprosium atom spectrum. These findings, including unpublished materials (1975, 1976) , are compiled in [9] . They lead to significant revision of both DyI energy levels and their theoretical interpretation. In particular, 71 odd levels missing from [3] have been added in the 17500-30500 cm -1 energy range. Furthermore, several dozen new levels have been added in the E = 30500-47400 cm -1 energy range. Of more than 320 DyI even levels with E > 28000 cm -1 listed in the compilation [9] , only 30 have been classified so far. Particularly, four levels with energies 28300 < E < 29600 cm -1 have been identified to represent the 4f 9 6s 2 6p configuration while nine levels in the E = 36700-37900 cm -1 range have been tentatively assigned to the 4f 10 6s6d configuration. The remaining 17 levels situated in the E = 30500-42500 cm -1 range have been reliably identified as belonging to the 4f 10 6s7s configuration. As for odd levels, the compilation [9] adds 26 new levels with E = 12300-23400 cm -1 to those in [3] while excluding 31 levels listed in [3] . Findings from [9] are reproduced in entirety in the NIST Atomic Spectra Database.
However, in the meantime after the publication [9] , a further five odd and 38 even levels have been located in the range E = 32000-39700 cm -1 , and their internal quantum numbers J have been determined as well [11] . The new levels have been used in [11] to classify more than 280 DyI spectral lines in the λ = 329-1655 nm wavelength range. Additionally, as stated in [11] : "We measured over 24500 lines in the spectrum of the Dy/Ar hollow cathode discharge between 194 nm and 3.6 μm. The first step of the analysis was to classify as many of the lines as possible using known energy levels. The energy levels taken from the NIST Atomic Spectra Database…were used to make a list of wavenumbers of all possible electric dipole transitions…Hence a large tolerance was used initially, resulting in a large number of spurious coincidences between observed and Ritz wavenumbers. This tolerance was reduced by deriving new energy level values from the observed wavelengths with the ELCALC computer program…A new list of classified lines was then made using the improved energy levels, with a much smaller tolerance and with fewer spurious coincidences between observed and Ritz wavenumbers. This list was then used to reoptimize the energy level values. Over 4800 DyI lines and 4000 DyII lines were classified with the improved energy level values. The improved values for the previously known energy levels will be published separately" [11, P. 464 ]; however we were unable to find the respective publication.
Only two experimental studies of the dysprosium atom excitation have been published so far. A study of excitation of UV lines in DyI is presented in [14] while a recent paper [15] elaborates on the excitation of 4f 9 6s 2 6p and 4f 10 6p 2 configurations. However, even though the levels investigated in [14] lie rather high (up to E = 40400 cm -1 ), not one belongs to the 4f 10 6s7s configuration whose excitation is studied in this paper. Similar to our preceding experiments, we have used the method of extended crossing beams as described in greater detail in recent publications [16, 17] . For that reason we find it superfluous to present details of our experimental method and technique in this paper and will only note some basic conditions pertinent to the dysprosium atom experiment proper.
Main experimental condition
99.7% pure dysprosium placed in a crucible of tantalum was vaporized by heating the surface of the metal under study to temperature T = 1450 K. Because the melting point of dysprosium lies at 1650 K, evaporation proceeded from a solid phase. Atom concentrarion within the crossing zone of atom and electron beams was 3.2 × 10 10 cm -3 throuout the main part of experiment. The electron beam current density did not exceed 1.0 mA/cm 2 over the whole operating range of electron energy E = 0-200 eV. The setup had an effective spectral resolution of about 0.1 nm within the short-wave part of a spectrum at λ < 600 nm, deteriorating to ~ 0.2 nm in the red at λ > 600 nm as the monochromator diffraction grating had to be replaced.
The ground level of dysprosium atom 4f 10 6s 2 5 I8 is separated from others low-lying levels by very significant energy intervals exceeding ΔE > 4000 cm -1 ; among REs, dysprosium shares this peculiarity with europium, holmium, erbium and thulium. In fact, the ground level of dysprosium atom behaves as an isolated level, serving as the initial level during electron-impact excitation. The population of the nearest excited even level, 4f 10 6s 2 5 I7 (E > 4134 cm -1 ) is 1.46% of the total concentration of atoms in the beam as a result of thermal excitation owing to evaporation of atoms, whilr the population of the lowest-lying odd level 4f 9 ( 6 H°)5d6s 2 7 H°8 (E = 7565 cm -1 ) is unimportant at 0.055% (population have been estimated under assumption that Boltzmann distribution law is true). 
Results and discussion
Ninety-one excitation cross sections for transitions from levels belonging to the 4f 10 6s7s configuration have been measured at incident electron energy of E = 30 eV. Inasmuch as levels of this configuration have the same parity as the preexcitation ground state in our experimental setup, excitation cross-sections of the 4f 10 6s7s configuration are expected to be comparatively small. Consequently it has proved impossible to record optical excitation functions (OEFs) for transitions originating from these levels. The sole exception is the λ = 415.931 nm line corresponding to the 4f 9 5d6s 2 7 H°7-4f 10 6s7s8 transition with an upper level energy E = 32554 cm -1 giving an excitation cross-section Q30 greater than 10 -17 cm 2 . While [18] ascribes this level to the 4f 10 6s7s configuration, it is not reported in [9] . Furthermore, a somewhat later publication [1] states: "The ΔT value of (Z -14) mK for the 32554 cm -1 is too high for a 4f 10 6s7s configuration, whereas ΔT = (Z -70) mK for the 37591 cm -1 level confirm the configuration assignment to 4f 10 6s6d". Thus it is likely that the initial assignment of the level E = 32554 cm -1 to the 4f 10 6s7s configuration was a mistake. This level is marked with an asterisk in our Table. The Table presents the findings from our experiment supplemented with necessary spectroscopic reference data. The Table lists wavelengths λ, transitions, inner quantum numbers for lower Jlow and upper Jup levels, energies of lower Elow and upper Eup levels and excitation cross-section values Q30 at incident electron energy of 30 eV. Reference data in columns 1 to 5 have been sourced from [7, 9] .
In some instances, especially in the short-wave part of the spectrum at λ < 634 nm, lines recorded in our experiment have been missing altogether from all publications available to the author. For such lines we have performed a tentative classification of transitions based on the information on energy levels of the dysprosium atom available in [9, 11] . This classification was then used for a more precise wavelength computation. In all these cases, properties listed in columns 1 to 5 are put in parentheses. This part of the spectrum contains some lines interpreted in [10] as belonging to the singly-charged dysprosium ion whereas our classification puts them into the DyI spectrum. It should be noted that spectral excitation conditions in studies covered by the compilation [10] were such as to favor DyII lines over DyI.
A different development takes place in the long-wave part of the spectrum at λ > 630 nm. A significant number of lines occurring here have temperature classifications in [7] whereas their transitions have not been classified. Our classification values are listed in parentheses in columns 2 to 5 for such lines. While there is no doubt that spectral lines classified in our study are covered in the follow-up material promised in [11] , we have been unable to find this later publication by the authors of [11] as noted in the Introduction.
A partial state diagram for the dysprosium atom with transitions studied by us is plotted in the Figure. To make the plot more comprehensible, terms are shown without J-split. Vertical dashed lines separate states with different parities. Configuration labels are put beneath the horizontal axis while the term notation is Table; 2) when the particular level is shown in [9] to be isolated and not part of any term together with other levels. Regarding term labels, they are presented both in LS notation and J1j-coupling notation in accordance with the data from [9] .
Figure.
Partial state diagram of dysprosium atom As mentioned earlier, ground level 4f 10 6s 2 5 I8 is the initial level for excitation in our experimental setup, with electron-impact excitation of 4f 10 6s7s configuration levels resulting from optically forbidden single-electron transition 6s → 7s. Subsequent spontaneous radiative transitions terminate at low-lying odd levels belonging to 4f 9 5d 2 6s, 4f 10 6s6p and 4f 9 5d6s 2 configurations. Fully allowed are spontaneous transitions to 4f 10 6s6p levels accomplished by means of 7s → 6p valence electron transfer. Transitions from 4f 10 6s7s configuration levels to 4f 9 5d 2 6s and 4f 9 5d6s 2 levels are quite unlikely as they would be accompanied with a complex restructuring of the electron shell. 4f 10 6s7s configuration levels are almost pure in the J1j-coupling notation, with leading component percentages of 99-81%. However the probability of such transitions may increase dramatically as a result of significant configuration mixing at lower-lying, odd levels.
Conclusion
Even levels of the dysprosium atom that belong to the 4f 10 6s7s configuration are the highest-lying classified levels of DyI. Nevertheless their excitation is feasible both in research and state-of-the-art industrial setups using electron beams. The findings can be used as reference data in beam plasma performance calculations. Interpretation of experimental findings detailed in this paper is severely hampered by the absolute lack of the corresponding theoretical treatment of the dysprosium atom.
